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RESUME 

Dans cette Note technique, on publie les profils de vitesse 
mesures ä l'aide de la technique des etincelles consecutives au cours du 
programme d*etude du sillage des cones hypersoniques. A cause de la 
presence d'angles d1incidence d'amplitude et d'orientation differentes 
lors de la plupart des tirs de cones, il n'a pas etg possible de determiner 
la distribution transverse de la vitesse axiale moyenne comme dans le cas 
des spheres.  L'utilisation de ces profils a ete limitee ä la determination 
de caractgristiques de vitesse axiale au centre et ä la frontiere du sil- 
lage turbulent et ä la visualisation de l'asymetrie du profil de vitesse 
axiale. Cependant, ces mesures contiennent de 1'information additionnelle 
sur la structure du sillage, information qui ne peut gtre extraite ä cause 
du manque de donnees statistiques mais qui pourrait interesser les spScia- 
listes dans le domaine. 

ABSTRACT 

' 

\ 

The purpose of this Note is to document on the velocity profiles 
measured with the sequential spark technique during the program of study 
of cone wakes. Due to the presence of angles of attack cf different 
amplitude and orientation with respect to the spark traces, it has not 
been possible to determine the transverse distribution of the mean axial 
velocity as was done in the case of spheres. The use of these profiles 
has been limited to the determination of characteristics of wake axis and 
wake front velocities and to the visualization of the skewr.ess of the 
transverse profi'.e of axial velocity. The results, however, contain 
additional information on the wake structure which cannot be extracted 
presently because of lack of statistical data but which could be of 
interest to specialists in tie field. 

> 
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1.0  INTRODUCTION 

An experimental study has been carried out on the wakes produced 
by hypersonic cones flying at a velocity of 15,000 feet/second in Range 3 
at the Defence Research Establishment Valcartier (DREV). Two basic cone 
shapes have been flown: 0.7 inch base liameter, 20° included angle cones 
with either sharp or blunted noses and a 1.0 inch diameter, 44° included 
angle, sharp nose cone.  Because of the complexity of the flow field 
generated by these cones which usually fly at some angle of attack, the 
experimental study was limited to one set of ambient conditions, namely, 
cone velocity of 15,000 feet/second and ambient pressure of 100 torr of 
air. 

The sequential spark technique used for the measurement of the 
wake velocity distribution was the main diagnostic tool of this experi- 
mental study of cones wakes. The technique, which has been described in 
length (1), is based ^n the formation of an ionized luminous path in the 
wake by a first spark and on the periodic re-ilhonination of the displaced 
ionized path by successive sparks. Additional diagnostic tools included 
the photo-attitude and velocity measurement system of the range which were 
used to determine the flight history and to measure the drag coefficient, 
ana also the schlieren technique used to measure the growth and deflection 
of the wake behind cones flying at angles of attack. 

Over one hundred profiles of velocity were measured behind the 
cone shapes. The measurements have revealed the presence of an asymmetry 
:n the transverse profile of axial velocity and the presence of a lateral 
velocity component in the wake of high lift to drag ratio cones flying 
at angle of attack. Characteristics of the wake axis and the wake front 
velocities have been derived and show good agreement with other available 
results. The results of this experimental study of cone wakes have been 
published in Reference 2. 

The purpose of the present note is to document the velocity 
profiles measured with the sequential spark technique during the program 
of studv of cone wakes. Due to the presence of angles of attack of dif- 
ferent amplJtuoc and orientation with respect to the spark traces, it has 
not been possible to determine the transverse listribution of the mean 
axial velocity as was done in the case of spheres (3) . The use of the 
profiles of axial velocity in Reference 2 has been limited to the deter- 
mination of characteristics of wake axis and wake front velocities and to 
the visualization of the skewness of the transverse profile of axial 
velocity. These profiles contain additional information on the wake 
structure which cannct be extracted presently because of lack of statistical 
data but which could be of interest to specialists in the field. The 
method of analysis of the spark data is described and results collected by 
the other diagnostic tools which are required for the analysis of the spark 
da*a are included. 
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2.0 PRERF.QUTSTTES TO THE ANALYSIS 

The presence of an angle of attack on most cone firings has 
necessitated an extensive modificaticn of the method used to analyse the 
spark data on spheres (1, 3). A number of effects of the angle of attack 
have been observed on cone wakes:  these are increased wake diameter and 
axial velocity which are related to the drag coefficient; wake deflection 
and lateral velocity which are associated with the lift forces acting on 
the cones; asymmetry in the form of a skewness ol the transverse profile 
of axial velocity in planes parallel to the one defined by the cone axis 
of symmetry and the angle of attack. The presence of these effects has 
set a number of prerequisites for the analysis of the spark data:  ai 
accurate determination of the attitude of the cone in flight; a good 
knowledge of the drag and lift coefficients as a function of the angle 
of attack for the normalization of the data; a knowledge of the wake 
deflection. 

2.1 Flight History and Drag Coefficient 

The flight history of the cone is determined by a series of 
stereo flash X-ray photoattitude stations located at various points along 
Range 3 (4).  From the analysis of the stereo X-ray films, the pitch and 
yaw angles and the coordinates of the position of the cone center of 
gravity are obtained at discrete locations down the range. A series of 
chronographs operated in conjunction with the X-ray stations are used to 
record the time of passage of the cone at each station and the velocity 
of the cone is calculated from this record using the distance between the 
stations. 

Because the cone attitude is known only at discrete positions 
in the range and knowledge of the attitude is required at intermediate 
positions for the interpretation of the data measured by the spark and 
schlieren technique, it is necessary to interpolate the data between the 
discrete points.  Interpolation of the position of the center of gravity 
is easy because the amplitude of its oscillation is relatively small and 
this interpolation is made graphically. As for the pitch and yaw angles, 
the oscillation of the angles with respect to the distance down range is 
usually large and graphical interpolation cannot give the required accuracy. 
Consequently the interpolation is made through the least mean square fit 
of expressions of the form: 

9Cx) - 0^0! sin(^ x ♦ *0) 1 

9 
for the pitch angle and 

<Kx) - ^♦♦i sin(— x ♦ ♦ ) 

for the yaw angle where. 

0(x} and i)'(x) are the pitch and yaw angles at any point down 
the range 
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00 and ij;0 are trim angles 
01 and j! are the amplitudes of the harmonic motion 
A0 and A^ are the wavelengths in feet which are assumed to be 

equal 
*e and ^  are the phase angles in radians. 

IZ ^  th! Pitch and yaw «ngles, four parameters have to be fitted to 

itziz r^LTJTr Ä:sr Th:°ntr°™Tns ^^       ' 1 mrnmmßm : 
*- i'cKic(.Lcu.  in laoie 1, the values of the Dar*mmtmvm  r*e  «.u« 

JelocitvPof r^  r y the fl0W velocity- The knowledge of some 'averLe' 

or laoie I is given to allow correction for this error. 

drag coe?f cient fJ 1 Cfln h^ H . ^ ^d!1S USed in the Pro8ram- The total umg coerncient (Cp) can be determined from the relation: 

-dV    is 
dx    2 p M V CD' 

where 

V  = velocity of the cone 
dv   J 
jj- - derivative of the cone velocity with respect to the 

distance in the range 
0      ■ ambient gas density 
S  ■ cone base area 
M  ■ mass of the cone. 

The parameters p. S and M are constants which are determined from the 

V iSn .h Hent,COnd ti0nS 0r fTOm me^rement5 on the cone  Se velocity 
V and the dece eration dV/dx are obtained from the flight histoVby 

lonrt  I Str?ight I1"6 t0 the Velocity <•«• « ■ function o? Stance 
down range. The velocity V is an average velocity over the mea u^eS 
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X2"X1 xl 

where Xj and x2 are tne limits of the interval of the measurement. 

Measurements of the total drag coefficient for the 20° vertex 
angle sharp nose cones are shown in Figure 1. The measurements were 
mad« on two model sizes: the 0.7 inch base diameter cones launched in 
Range 3 and the 2.0 inch base diameter cones launched in Range 5. The 
dashed curve represents a calculation of the pressure induced drag (Cnp) 
made by Laviolette (5) based on the modified Newtonean theory of Gray (6) 
The skin friction drag component was determined from the mean deviation 
of the experimental points with respect to the theoretical curve Cnp 
The total drag curve (full curve) was then obtained by displacing the 
theoretical curve by an amount equal to Cnt,. OF 

Figures 2 and 3 show corresponding results for the 44° vertex 
angle sharp nose cone and for the 20° vertex angle blunted nose cone. 
The theoretical curve has been used to normalize the velocity data in the 
case of the 20° blunted cone because the small number of experimental 
points does not warrant the determination of the skin friction drag 
component. 

Figure 4 shows the lift coefficient curves as a function of 
the angle of attack calculated by Laviolette and which have been used in 
the normalization of the wake deflection and the lateral velocity data. 

2.2 Wake Deflection and Width 

The lateral deflection of the wake on cones flying at anoles 
of attack is produced by the vortex system generated by the cone. This 
deflection is in the direction of the windward side of the cone and is 
observed usually on bodies with high lift to drag ratio. The knowledge 
of the wake deflection is essential to the analysis of the velocity data 
measured with the spark technique In order to relate the velocity profile 
to the position of the turbulent core. 

interval and the deceleration dV/dx is the slope of the fitted line. 
Frrm these values, a value of Cn averaged over the measured region is 
calculated from equation 3. 

The next step is to determine an effective angle of attack for 
the drag from the fitted expressions for the pitch and yaw angles 
(equations 2 and 3).  The RMS value oc  the angle of attack is given by 
the following expression: 

aRMS =   '92W + *200|J. 4 

The effective angle of attack from the point of view of the drag coeffi- 
cient obtained from the cone velocity history is given by 

aeff. = 77^7- Z2 !02Cx) * *2(x)^ dx, 5 
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The schlieren technique was used to determine the lateral 
deflection and the growth of the turbulent wake. Measurements of the 
width and deflection were made on a large number of firings for each of 
the three cone models used in the program. The results for the 20° sharp 
and blunted cones are presented in Figures 5 and 6 respectively. The 
deflection in base diameter is normalized to the lift coefficient and the 
axial distance to the drag diameter (0^)2. Normalization of the axial 
distance with respect to the base diameter results in approximately the 
same scatter of the data. The normalization to the drag diameter was 
selected for convenience in the analysis of the spark data. The full 
curves in Figures 5 and 6 represent the mean curves calculated from the 
data. These mean curves are used in the analysis of the spark data. 

The 44° vertex angle sharp nose cone exibits no vortex induced 
wake deflection. This absence of deflection is explained by the small 
lift to drag ratio of this model. 

Figures 7, 8 and 9 show wake growth characteristics for the 
20 sharp and blunted cones and for the 44° sharp cone respectively.  In 
each case, the cone data are compared with sphere data measured under 
almost identical test conditions (7). A value of CD of 0.9 was used in 
the normalization of the sphere data. Cone and sphere data are in 
excellent agreement except in the case of 20° blunted cone (Figure 8). 
Part of the deviation in that case may be explained by the uncertainty 
of the drag coefficient for the blunted cone. The wake growth data given 
here may be of use in determining the position of the turbulent front on 
the velocity profiles. 

A more detailed treatment of the results presented in this 
section is given in Reference 2. 

3.0 METHOn OF ANALYSIS OF THE VELOCITY DATA 

On sphere data, a fairly simple method is used to obtain the 
wake velocity from the spark traces (1, 3). The axial velocity of the 
wake is calculated from the projection of the sparks in the xoz plane 
where x is the direction of the flight and z is the vertical axis of the 
range. The radial position of the measurement is calculated from the 
projection of the spark in the yoz plane where y is the horizontal axis 
perpendicular to the flight axis and o is the oosition of the projectile 
in the transverse plane of the range at the spark station. A lateral 
turbulent velocity of the wake is also calculated in the y direction from 
the projection of the spark traces .n the yoz plane. The assumption is 
made in this method that the turbulent velocity in the z direction is 
equal to zero. 

On cone wake velocity measurements, this rather simple method 
of reduction has to be extensively modified due to the presence of wake 
deflection, lateral wake velocity and axial velocity profile skewness. 
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In the presence of wake deflection, velocity profiles must be traced with 
respect to the wake position which is a function of axial distance. The 
assumption that the lateral velocity in the z direction is negligible is 
not valid in the presence of a pitch angle. The presentation of axial 
velocity profiles as a function or radial distance is not acceptable due 
to profile skewness. Finally, the velocity profile skewness prescribes 
the reorientation of the coordinate system in which the measurements were 
made in such a direction that the axes of symmetry of the velocity profiles 
are aligned. 

Figure 10 illustrates the transformation of the coordinate 
system of the spark data required to align the axes of symmetry of the 
velocity profiles in the same direction and to take into account the 
deflection of the wake. This transformation consists in a rotation and a 
translation of the coordinate system. The argle of rotation is evaluated 
from the pitch and yaw angles at the spark station ay the following 
expression: 

4> = arc tan e/i|) 6 

The coordinates Y and X in the rotated system of the point 
(x,y) in the original system are given by: 

Y = z sin (j) + x cos (j) 7 

Z = x cos $ - y  sin $ 8 

In the rotated system, the wake deflection due to vorticity is in the 
positive Y direction. At any axial distance behind the cone, the wake 
deflection is determined from the mean curve of Figure 5 or 6 and the 
axiis is displaced to Z1. 

The Y axis is the symmetry axis of the axial velocity dis- 
tribar.ion. Velocity profiles measured along the Y axis or parallel to 
this axis should show a skewness toward the positive Y direct'on; velocity 
profiles measured perpendicular to this axis should be symmetric. Further- 
more, the lateral velocity induced by vorticity will be in the positive Y 
direction. 

The determination of the axial and lateral velocity of the wake 
is illustrated in Figure 11 which shows projections of the spark traces 
in the original xz and yz planes. The rotated and translated system of 
axes is also shown. Sj and S2 in both views represents segments of the 
first and second spark tracer of the sequence. The points of these segments 
are the actual points measured on the projecting equipment. These points 
are measured at constant intervals along the z-axis. The lateral velocity 
is measured in the direction of positive Y from the measured point on S. 
to a point obtained by interpolation on S2 (second degree interpolation on 
three points). The position of this interpolated point is then projected 
in the xoz view. The axial velocity (in the direction of positive x) is 
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value^fTonl ^r ^t C0TTes^di^ ^^ on  S1 to the interpolated 
llll, ?? ?2*  P the CaSe Where the sPark trace  was parallel or 
ZlUllS1*]  '? rhe y aXiS (^ 0)' this meth0d could "ot ^ used. 
IrnJH        I  d,1SP acement of Sl "^h respect to S2 was then determined 
from the wake deflection curves by evaluating the'increase in deflection 
corresponding to the interval of time between S, and S5. To avoid large 

y'xis ^nd1^:"1 Tr^' a11 CaSeS Where the ^le between the p si ve y axis and the spark trace was smaller than 45° have been rejected 

Figure 12 shows a typical result for one sequence of sparks. 
This figure also illustrates the format used for presenting individual 

nro?ecHrtS ^J0^ 0n COneS" The firi^ "^ ^  t\e t^e of 
corner the'te'st111^':' " ^ t0V..0f  the graph- In the "PPer^eft hand 
vvTslure   r.  T  C0"dl!1°nS ^ indicated: cone velocity (V«), ambient 
(y/JcS5   {td'*    ,      dl/tanc?  in base diameter (x/D) and drag diameters 
Z/if^      t      gleS 0f Pltch C0)' yaw W' attack C«) and rotation U) 
ofthe f^V^w?1^?: The graph 0n the lower'left shows the position 
axes lZJV        IfU; "^ in the r0tated and translated system of 
of the J^hÄJ    this system of axes is the position of the center 
of the turhn ^t COre- ^ ?°Siti0n 0f the ProJectile and the diameter 
=L • J T-  ^ C0Te are indlcated in this case. The dashed line is a 
IrlStl   ;ne flttet  0n the Spark trace- The axial and lateral velocity 
profi es shown on the upper and lower right side are plotted against this 
fitted line with the beginning of the velocity profile corresponding to 
the cross on the lower end of the spark trace on the left. These vflocitv 
profiles are cal ulated from the first and second sparks of the sequence 

aneie
enbet0;e

efne.a
h
rlier' 1° ^^  Velocity profile is  obtained when^S angle between the spark trace and the Y axis is smaller than 45°. 

4.0 RESULTS 

^no „. ,.  Fig"res 13 to 78 show the velocity profiles measured on the 
20 vertex angle sharp nose cones. The profiles measured in the wake of 
^0 vertex angle blunted nose cones are presented in Figures 79 to 89 
while profiles measured behind 44 vertex angle sharp nose cones are 
presented from Figures 90 to 121, 

-——-——.»"■■—--  ..I Mg:'   ' 
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COEFFICIENTS FROM THE LEAST MEAN SQUARE FIT OF THE 
PHOTO ATTITUDE DATA USING EXPRESSIONS OF THE FORM: 

and 

2v 
'I'M ' ^iii sin(.x- * ♦J 

e{x) • o0+ei sin(^- ♦ ^ 

yaw 

pitch 

No h 

68080 -.8 8 4.12 71,00 .34 ,00 6,64 71,40 -2.92 
68093 .00 8.43 82,65 .16 -,42 6,95 82,65 1.16 
68094 -.17 5.56 82,40 1.58 -,20 11.07 82,40 1.18 
68095 .00 7.39 84,80 -2.93 .09 5,04 84,80 -1.59 
68096 -.95 4.10 74,50 ,74 .31 3,81 74,50 -2.00 
68113 .25 4.85 74.00 2.89 -. 16 2.37 V4,00 .1.00 
68115 .00 5.29 77.30 2 . 66 1.82 1 .61 77, 30 .1.41 
69001 -.04 2.46 77.00 .07 .42 .51 77,00 1,73 
69002 2.39 7.25 69.50 -2.83 .51 5.76 69,50 .1,09 
69004 3.7 3 2.99 70.00 -2.54 2.56 3.35 70,00 -1.17 
69008 -1.50 3.74 69 . 00 2,18 -.30 2,63 69,00 .,63 
69009 .15 3.56 71.00 -,01 .02 5,92 71,ro 2,10 
fi'JOlO .04 4.50 73.50 3,81 -.19 2,39 73.50 .1,41 
69011 -.27 3.74 75.42 2.1)7. .11 1,62 75.4 2 1.90 
69012 .10 1.67 72.50 -2,48 .25 4,62 72,50 -1,75 
69014 .09 8.09 67.80 -,04 -.27 4,61 67,80 .5,89 
69015 .79 6.66 75.36 1,53 -.32 2,60 76,09 1,15 
690 IB .18 2.41 70.00 2,30 .07 5,41 70 ,00 ..49 
69019 .73 4.36 69.20 -2,15 1.26 2,77 69,50 2.95 
69020 ,S1 i.ts 79.00 -3,14 -.21 4,32 79,00 1.95 
69038 .28 4,42 75.00 -2.11 .06 4,50 75,00 5.14 
69040 -.41 4.42 70.24 -2.68 .04 6,58 73,50 .2,21 
6904 1 -.07 5.25 70,41 2,02 -.45 3,61 70,41 ,62 
69042 -.62 6.25 70,00 2,14 ,63 5.87 70,00 .14 
69044 .00 3.96 73,10 -,48 .35 6, 94 73, 10 -1.47 
69045 . 32 4.94 71.40 ,04 -.15 7.40 7) 4 3 2.00 
6904 6 -.05 2.53 66.60 2,53 ,25 1.11 85,70 .68 
60047 -.61 1.99 70.00 -3.14 -.13 5.12 70,00 .25 
69051 .35 5.41 74.00 -1,74 .00 2.86 74,00 -2.25 
69055 .73 4.75 75.50 3.06 -.7 3 4.15 75,50 5.95 
69062 -.51 6.87 73.00 -3.86 -.23 7.59 73,00 1.84 
69067. -.49 7.98 72.00 2.00 1.02 10,91 72,00 .24 
69064 -.11 6.80 67.20 1.34 -.17 5,68 67,20 1.23 
69065 -.45 1.70 76.88 1.62 -.02 1.88 76,88 2.65 
69066 -.48 3.79 68.50 1 ,06 .94 3.32 68,52 5.00 
69068 -.80 3.69 81.60 -1,33 1.30 4.36 SI,59 -.68 
69070 .01 5.39 67.00 .31 .09 6.82 6 7,00 1.76 
69071 -1.18 7.31 70.80 .39 -,66 ,35 70.80 1.33 
69073 1.92 5.45 70,00 -1.56 .53 4.87 70,00 3.14 
69076 -.09 4.15 71.60 .79 -.17 6.99 71 .60 1.11 
69077 -.15 2.91 71.70 -2.41 .60 5.98 71.70 -1.47 
69078 -3.25 5.3 5 69.10 -.21 2.08 2.64 69. 10 -2.30 
69083 -.20 6.78 74,00 2.37 .01 4.3 2 74.00 1.87 
69085 .31 1.31 76,20 -3.66 -.66 2.07 76,20 2.79 
60086 -.42 6.00 59,20 .06 .27 5.26 59,20 2.20 
69089 -.21 3.25 58.50 2.02 ,05 5.88 58,50 -1.69 
69091 .28 5.20 58,00 2,10 -,10 2.95 58,00 1,34 
69092 -.41 5.89 60,00 2,67 -,10 2.6 3 60,00 -,82 
69095 -.23 7.74 59,00 -,37 , 15 3.51 59,00 2,13 
69097 .12 8.94 63,50 .31 .09 6.28 63,50 ,86 
70002 .71 7.55 28,00 1.78 .27 2.30 28,00 1,14 
70003 .05 2.04 32,00 -2.17 .03 3.11 32,00 .2,87 
70004 . 14 2.13 30.70 -1.93 .52 3.15 30,70 2,05 
70006 -.25 6.90 30,70 -2.84 -,07 4.26 30.70 .2.81 
70007 .18 1.80 30,70 -2.83 -,02 2.82 50.70 2.50 
70008 -.01 2.SI 33,80 -1,19 .,86 f ,37 3 3.80 .1.40 
70009 .58 2.10 31.00 -,30 .46 5,82 31.00 ,1,0 
70010 .97 3.44 29.00 -,42 .19 11.50 29.00 .,64 
70011 .65 4.67 31.85 ,55 .51 9.51 31.84 .,53 
70012 .31 .64 31.50 1,09 .21 4.17 31.50 ..32 
70014 .36 4.09 31.30 2.68 .09 2,1« 51.50 -.21 
70015 .26 5,79 31.00 3.1' .,04 6,54 51 .00 2.62 
70019 -.56 7.64 32.00 -2.74 ,05 2,72 52.00 -2.31 
70021 .47 1,95 31.00 2.93 -,05 5,27 31.00 2.27 
70022 .62 10,68 32.00 .51 ,48 2,89 52.00 ,02 
7002J -.36 11,24 32,40 5,11 ,50 1,96 52.40 ,03 
70027 .44 2,46 35,20 1,70 ,16 9,63 55.20 ..39 

—- •***z*r 
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